The fictive temperature and structural relaxation of a silica glass arc tube were investigated to elucidate the origin of cracking in the arc tubes used in high-intensity discharge lamps for vacuum ultraviolet light sources. The structural relaxation time near the inner surface was decreased much more than that in the inner bulk region, resulting in a large difference in the fictive temperature between these two areas at high-intensity discharge lamp operating temperatures. This difference should induce strain in the silica glass network. On the basis of our results, we suggest ways to avoid cracking and extend the lifetime of high-intensity discharge lamps.
Introduction
High-intensity discharge (HID) lamps made of silica glasses, as shown in Figure 1 , are widely used as vacuum ultraviolet light sources. In recent years, as these lamps have achieved higher luminance, their arc tube operating temperature has also increased. Consequently, cracks occasionally develop in the inner surface of the arc tube, though the rate of the development of these cracks is low. Thus, a more thorough understanding of the origin of the cracking is required to prolong the lamp lifetime. One possible origin is that the fictive temperature (T f ) of the inner surface changes with the operating temperature and becomes different from that of the inner bulk region. Because the density of the glass depends on T f , a large difference in T f could induce strain near the inner surface, causing cracking [1] [2] [3] [4] . At the operating temperatures (800˚C -1000˚C) of arc tubes in HID lamps, little structural relaxation occurs in bulk silica glass. However, the structural relaxation time on the surface decreases more than that in the bulk, and the surface T f can be decreased easily by thermal annealing. Furthermore, OH contamination of the surface during fabrication of the arc tube could dramatically enhance the structural relaxation near the surface [5] .
The T f of silica glass is easily estimated by measuring the absorption band of the asymmetric vibration of Si-O-Si, which is very sensitive to changes in the Si-O-Si bonding angle with changing T f [6] . The value near the surface can be investigated using the infrared (IR) reflection peak at around 1120 cm −1 [7] , whereas that in the inner bulk region can be investigated using the IR absorption peak at around 2260 cm −1 [6] . The structural relaxation time can thus be investigated by measuring the changes in the IR peak position during thermal annealing, which reveals the changes in T f [3] . This paper uses this method to compare the structural relaxation times of the inner surface and inner bulk region of the silica glass arc tube in order to elucidate the origin of cracking in the arc tubes in HID lamps. It reports a correlation between the OH concentration and the structural relaxation, the T f of the arc tube before and after arc tube processing, and the structural relaxation of the inner surface and inner bulk region of the arc tube.
Experimental Procedure

Sample Preparation
A silica glass arc tube was fabricated from a straight si- lica glass tube (GE quartz, GE214). The straight tube was heated by an oxygen-hydrogen burner and expanded by controlling the flow of N 2 gas inside of it, as shown in Figure 2 .
Samples for the investigation of T f and structural relaxation in the arc tube were prepared as follows. Samples for investigating the inner and outer surfaces were prepared by cutting 10 mm × 10 mm × 2 mm sections from the tubes (dark gray area in figure) . Samples for investigating the inner bulk region were prepared by optical polishing of the cut surfaces to remove the hatched area shown in the figure. The final size of these samples was 10 mm × 10 mm × 0.5 mm. To investigate the depth profile of the OH concentration, 0.5 mm-thick rings were cut from the region of maximum tube diameter, and the cut surfaces were prepared by optical polishing. Samples for investigating the straight tube were also prepared by the same fabrication process. The samples for investigating the inner and outer surfaces were 10 mm × 10 mm × 3 mm in size; those of the inner bulk region were 10 mm × 10 mm × 0.5 mm in size, and those used to measure the depth profile of OH concentration were 0.5 mm thick.
Characterizations
The depth profile of the OH concentration was measured by a microscopic Fourier transform infrared spectrophotometer (FT-IR) (PerkinElmer, Spectrum 2000) with a 100 μm × 100 μm aperture in transmission mode. The IR spot was scanned at intervals of 100 μm from the inner surface to the outer surface of each sample. The OH concentration was calculated from the peak intensity of the absorption peak at around 3667 cm −1 using an absorption coefficient of 77.5 L/(mol·cm).
T f near the surface was determined by measuring the IR reflection peak at around 1120 cm −1 for an area of 150 μm × 150 μm at a resolution of ±10 −2 cm −1 [7] . The penetration depth of the IR spot was about 100 nm. T f was calculated from the IR peak position using the following relation [7, 8] :
In the inner bulk region, T f can be measured using the IR absorption peak at around 2260 cm −1 [6] . A measuring spot 5 mm in diameter was used. T f was determined using [6, 7] : 
Structural relaxation in the samples was investigated in two ways. First, the arc tube was annealed for 2 h at temperatures ranging from 800˚C to 1300˚C in 50˚C steps. The annealed sample was then quenched in water, and the change in T f was determined by the IR method described above. Second, the strict structural relaxation time was investigated by determining the change in T f during thermal annealing [3] . Thermal annealing, quenching, and IR peak measurement were repeated at a fixed temperature between 800˚C and 1300˚C. Measurements continued until a change in T f was observed [3] . To determine the activation energy of the inner surface and inner bulk region, the structural relaxation time was investigated by measuring the change in T f during thermal annealing. The relaxation behavior can be represented by the stretched exponential function [5] ,
where T a is the annealing temperature, t is the annealing time, τ is the structural relaxation time, and β is the stretched exponential factor. The relaxation time τ was derived by fitting the data according to Equation (3). The activation energy E a of the structural relaxation was calculated by
where k B is the Boltzmann constant [3] . Figure 3 shows the OH concentrations for the straight tube and the arc tube. Differences in the OH concentrations can be seen near the surfaces of both samples. OH contamination of the arc tube occurred mainly on the outer surface because the oxygen-hydrogen burner was in direct contact with this surface during fabrication [5] . Consequently, the OH concentration on this surface was quite high, ~100 ppm, and the OH contamination penetrated to ~500 µm below the surface. The OH concentration of the arc tube also increased on the inner surface, although this was not in direct contact with the burner. The OH concentration on this surface, around 15 ppm, was not as high as that on the outer surface but could enhance the structural relaxation around the inner surface area.
Results
Depth Profile of the OH Concentration
Fictive Temperature
The measured T f values for the straight tube and the arc tube are shown in Figure 4 . These values were lower for the inner and outer surfaces than for the inner bulk region in both tubes. energy of the inner surface and inner bulk region, the structural relaxation time was investigated by measuring the change in T f during thermal annealing. Figure 6 shows an example of the results for an annealing temperature of 1150˚C. The structural relaxation time of the inner surface has clearly decreased more than that of the inner bulk region. Figure 7 presents the structural relaxation times of the inner surface and inner bulk region. The estimated activation energies were 1.63 eV and 6.54 eV for the inner surface and inner bulk region, respecttively. in the inner bulk region was almost the same as that before annealing, approximately 1380˚C, indicating that little structural relaxation occurred. In contrast, the structure on the inner surface was almost completely relaxed even after annealing at 900˚C. Consequently, the difference in T f between the inner surface and the inner bulk region was more than 400˚C. As described in Section 2.2, to determine the activation 
Structural Relaxation
Discussion
Because the density of the glass depends on T f , the large T f difference described in Section 3 could induce strain near the inner surface of the arc tube [1, 2] . It is known that structural relaxation occurs more rapidly on the surface than in the bulk and that hydroxyl groups influence this process. The OH concentration of ~15 ppm on the inner surface obtained by analyzing the depth profile of OH concentration (Figure 3 ) is expected to decrease the structural relaxation time there. Despite the use of N 2 gas during the fabrication of the arc tube, OH contamination clearly occurred at the inner surface. It shows that the relatively less concentration of OH in N 2 gas influenced the large T f difference between the inner surface and the bulk [5] . In addition to the strain caused by the T f difference, other phenomena can also contribute to cracking; for example, UV light irradiation is well known to generate various defects in the silica glass network, which is accelerated at the strained Si-O-Si bonds [8] [9] [10] [11] . In this study, we have not investigated the relationship between the fictive temperature and UV-light-induced defect formation. However, it may be possible to suppress cracking in the arc tubes in HID lamps because the strain (i.e, the strained Si-O-Si bonds) near the inner surface decreases by minimizing the OH contamination on the inner surface and decreasing the difference between the structural relaxation times of the inner surface and inner bulk region.
Summary
The fictive temperature and structural relaxation of a silica glass arc tube were investigated to elucidate the origin of cracking occurring in the arc tubes in HID lamps for vacuum ultraviolet light sources. The results indicated that OH contamination enhances structural relaxation near the inner surface of the arc tube. Moreover, at the operating temperatures of arc tubes in HID lamps (800˚C -1000˚C), large differences in T f between the inner surface and the inner bulk region can easily occur. These differences arise because the structural relaxation time near the inner surface decreases much more than that in the inner bulk region. The large difference in T f can induce strain in the silica glass network. This is one possible origin of the cracking. Avoiding OH contamination of the surface and decreasing the difference in the structural relaxation times of these regions is effective for suppressing this source of cracking.
